of the human-African great ape phylogeny by using mitochondrial DNA (mtDNA) have been subject to considerable debate. One confounding factor may be the lack of data on intraspecific variation. To test this hypothesis, we examined the effect of intraspecific mtDNA diversity on the phylogenetic reconstruction of another Plio-Pleistocene radiation of higher primates, thefascicularis group of macaque (Macaca) monkey species. Fifteen endonucleases were used to identify 10 haplotypes of 40-47 restriction sites in A4. mulatta, which were compared with similar data for the other members of this species group. Interpopulational, intraspecific mtDNA diversity was large (0.5%-4.5%), and estimates of divergence time and branching order incorporating this variation were substantially different from those based on single representatives of each species. We conclude that intraspecific mtDNA diversity is substantial in at least some primate species. Consequently, without prior information on the extent of genetic diversity within a particular species, intraspecific variation must be assessed and accounted for when reconstructing primate phylogenies.
Introduction
Recent applications of molecular systematics (Moritz and Hillis 1990 ) and a molecular clock (Zuckerkandl and Pauling 1962) to the analysis of mitochondrial DNA ( mtDNA ) variation in anthropoid primates (e.g., see Brown et al. 1979; Hayasaka et al. 1988) ) including the human-great ape lineage (Ferris et al. 198 1 b;  Brown et al. 1982; Templeton 1983; Nei and Tajima 1985; Hixson and Brown 1986; Cann et al. 1987; Ruvolo et al. 199 1) ) have assumed that intraspecific molecular differences, now and in the past, are relatively insignificant. This assumption of species homogeneity is particularly important for estimating divergence times among closely related taxa, because high levels of intraspecific diversity would require the use of multiple mtDNA haplotypes to represent a species and would allow sizable molecular differences between parent and daughter species at the onset of reproductive isolation. We examined the homogeneity assumption in the rhesus monkey (Mucaca mulatta) and the other members of the fascicularis-species group of macaques by assessing the level and distribution of mtDNA diversity. The rhesus monkey has the widest geographic range of any nonhuman primate ( fig. 1) , occupying habitats that range from sea level to >3,000 m and from semidesert scrub to moist temperate evergreen forest (Wolfheim 1983, pp. 490-492) . Despite this unusually large and ecologically heterogeneous range, rhesus monkeys have been subdivided into very few morphological subspecies (Napier and Napier 1967, p. 404 )) exhibit very little geographic structure to their nuclear genetic variation (Melnick et al. 1986 )) and display an overall level of phenotypic similarity characteristic of a single macaque species (J. Fooden, personal communication) .
This homogeneity is likely FIG. l.-Distribution of rhesus monkey, from eastern Afghanistan in the west to the East China Sea in the east. The Japanese and Taiwan macaques have very limited ranges on the Japanese archipelago and Taiwan, respectively. The approximate locations of the populations analyzed in this study are noted within their respective species' ranges: rhesus macaque (Mucuca muluttu) -P = Pakistan; I = India; B = Burma; Cl = China 1; and C2 = China 2. Japanese macaque (M. fuscuta)-FUS = J 1-4 (Hayasaka et al. 1988 ).
Taiwan macaque (M. cyclopis)-CYC = F (Hayasaka et al. 1988 ). The geographic origin of the M. fusciculuris sample is not known and thus is not indicated on the map. 284 Melnick et al. due to very high rates of male dispersal and gene flow (Melnick 1988 ) . However, even in the face of extensive nuclear gene flow, one finds small, statistically significant genetic differences between a population's social groups, directly attributable to the stable matrilineal structure of rhesus societies (Melnick et al. 1984) , where females almost never leave their natal group ( Sade 1972) . Theoretically (Takahata and Slatkin 1984; Takahata and Palumbi 1985) , one might also expect female sedentism in this species to lead to pronounced geographic structuring of maternally inherited mtDNA variation and to large interpopulational, intraspecific differences. We report here evidence of very high intraspecific mtDNA diversity in a higher primate, the rhesus monkey (Macaca mulatta), and demonstrate how this variation ( 1) significantly reduces molecular-clock estimates of divergence time between rhesus and their closest relatives, (2) alters the reconstruction of a molecular phylogeny of these species, and ( 3) provides evidence for the importance of specific biogeographic events in the evolution of macaques.
Material and Methods

DNA Samples
Whole-blood samples were collected from 18 individuals, representing five rhesus monkey populations (Pakistan, India, Burma, China I, and China II; fig. 1 ) and one Sumatran pigtail macaque (Macaca nemestrina) and were placed into sodium heparin. mtDNA was either isolated in a highly purified form by using buoyant-density centrifugation over a continuous CsCl gradient (Brown 198 1; Lansman et al. 198 1) or isolated with nuclear DNA (i.e., total cellular DNA) by extraction with phenol and chloroform and precipitation with absolute EtOH and NaAc ).
Restriction-Enzyme Analysis
The mtDNA of each study subject was surveyed for restriction-site polymorphisms by using 15 endonucleases (AvaI, BamHI, BgZII, BstEII, ClaI, DraI, EcoRI, EcoRV, HaeII, HincII, HindIII, KpnI, PstI, SstI, and XbaI) with unique or multiple six-base recognition sites. Approximately 1.5 ug of total cellular DNA was digested with each endonuclease.
The resulting DNA fragments were separated by size, with electrophoresis on 0.8%-l .2% agarose gels, and were transferred to nylon filters by Southern blotting or posi-blotting (Stratagene) in 10 X SSPE (0.15 M sodium chloride/O. 1 M sodium phosphate/O.00 1 M EDTA) . The filters were denatured and neutralized by washing for 5 min each in 0.5% NaOH and in 1 M Tris, 1.5 M NaCl pH 8.0 and were rinsed in 2 X SSPE, and the DNA was permanently fixed to the membrane by UV cross-linking.
The filters were then probed with purified A4. mulatta mtDNA nonradioactively labeled with digoxigenin dUTP according to the Genius Kit (Boehringer Mannheim) . The l-3-h prehybridization and overnight hybridization were carried out at 68°C as indicated by the Genius Kit instructions.
Filters were washed twice at a final stringency of 0.5 X SSC (0.15 M sodium chloride/O.01 5 M sodium citrate), 0.1% SDS at 65°C for 15 min. The mtDNA restriction fragments were visualized on the filter by complying with the Genius Kit immunological detection protocol, with the following modification:
after soaking in buffer 1, each filter was incubated for 30 min at room temperature with 20 ml of buffer 1, including 1 .O% blocking reagent, 50 ug denatured salmon sperm DNA/ml, and 150 mU antibody conjugate/ml. The filters were then washed twice for 15 min at room temperature in buffer 1, prior to the color reaction.
Quantitative and Phylogenetic Analyses
Genome-wide sequence divergence estimates (table 1) based on the maximumlikelihood methods of Nei and Tajima ( 198 1, 1983) for restriction-site data were calculated for all pair-wise haplotype comparisons by using the computer algorithm MAXLIKE (courtesy of M. Nei and L. Jin) . Each haplotype consisted of the restriction sites revealed by all 15 restriction enzymes employed in this study and described above. Distance-based trees were constructed with the Fitch-Margoliash (Fitch and Margoliash 1967) and neighbor-joining (Saitou and Nei 1987 ) methods using the sequence divergence estimates in table 1 and using the FITCH and NEIGHBOR subroutines of the computer program PHYLIP (Felsenstein 1990 ) with a specified outgroup.
Character-based trees were created by using the presence or absence of restriction sites as character data, the method of maximum parsimony (PAUP 3.0; Swofford 1990), and a specified outgroup. The parsimony analysis was conducted with and without weighting the likelihood of character-state changes (3 : 1 for site gains vs. site losses; Swofford and Olsen 1990) by using the branch-and-bound method of tree construction.
A consensus tree of all of the most parsimonious topologies was constructed. Weighting had no effect on the resulting topology. The robustness of this tree was further examined by conducting 1,000 bootstrap replications of the data by using the branch-and-bound algorithm and constructing a 50%-majority-rule consensus tree from these replicates. Finally, six haplotypes, each virtually identical to another haplotype included in this study, were eliminated to allow tree construction by an exhaustive search of all possible trees (N = 34,459,425).
The results of this search were then compared with the strict-consensus and 50%-bootstrap-consensus trees for overall consistency.
In all cases, whether distance-or character-based trees were constructed, the outgroup used was the 15-enzyme haplotype ( fig. 2 ) of a Sumatran pigtailed macaque. Since both morphological (Fooden 1976 (Fooden , 1980 and allozyme (Melnick and Kidd 1985; Fooden and Lanyon 1989) data indicate that this species unquestionably falls outside the fascicularis-species group, it was deemed an appropriate outgroup.
Results and Discussion
Intraspecific
Sequence Divergence and Phylogenetic Tree Construction
All but two endonucleases revealed polymorphism (e.g., see fig. 3 )) and 10 multiendonuclease rhesus monkey haplotypes of 40-47 restriction fragments were identified. Restriction sites underlying these haplotypes (which represent -1.4%-1.7% of the entire mtDNA genome) were "mapped" ( fig. 2 ) by using a combination of single and double digestions and the logic of parsimony (Dowling et al. 1990 ). Estimates of sequence divergence (Nei and Tajima 1983) between each pair of haplotypes (table  1) were 0.2%-4.5%, substantially overlapping interspecific estimates for macaques and other higher primates (Hayasaka et al. 1988) . Intrapopulation diversity (Nei and Tajima 198 1) averaged 0.23%, while total species diversity was more than an order of magnitude greater, at 2.45% [this estimate excludes one haplotype (MUL 20) because the exact geographic origin of the individual was unknown].
These data indicate that, in sharp contrast to the nuclear genome, where only 8.7% of the species diversity can be apportioned to interpopulational differences (Melnick 1988)) 9 1 .O% of the overall mtDNA diversity is attributable to differences between haplotypes in different populations (Nei 1982 6  23  21  27  25  4  25  23  2  2  26  23  10  13  12  20  22  31  35  33  33   38  38  40  39  37  44  35  37  34  36  36  42  29  29  31  31  44  45  42  34  30  32  37  32  21  33  33  35  34  48  50  46  37  33  35  42  36  24  6   36  36  38  37  46  47  44  36  32  34  35  40  37  38  43   50  50  52  50  70  72  68  63  59  61  57  59  61  57  62   46  46  48  52  78  81  76  70  67  68  65  66  68  59  53 NOTE.--Sequence divergence estimates (i.e., substitutions/l ,000 bp since two sequences' common ancestor) based on Nei and Tajima's (198 1, 1983 ) methods for restriction-site calculated for all pairwise haplotype comparisons by using the computer program MAXLIKE, courtesy of M. Nei and L. Jin, Center for Demographic and Population Genetics, University Each entry represents a 15-enzyme haplotype (see fig. 2 ) identified by species and population of origin. Because the geographic origin of MUL 20, a rhesus haplotype reported in the literature et al. 1988), is unknown, it was used in the calculation of overall species diversity for interspecific comparison but was not used for the determination of rhesus genetic structure (see Hayasaka et al. ( 1988) . A site was considered the same between two haplotypes when its location on their respective mtDNA genome maps was within 1.0%. The origin of each linear mtDNA map coincides with a highly conserved EcoRI restriction site found in all macaque species. Restriction endonucleases are denoted as follows: A = AvuI; B = BumHI; G = BglII; T = BstE; W = CZuI; D = DruI; E = EcoRI; V = EcoRV; Y = Hue& C = HincII; H = HindIII; K = Kpn; P = PstI; S = SstI; and X = XbuI. (A complete data set including all 17 haplotypes is available on request.) Sequence divergence estimates and restriction-site data were used to create distance-and character-based trees of relationship ( fig. 4 , top and bottom, respectively). The "best" trees found by all distance-and character-based algorithms were consistent, revealing a major east-west division among rhesus monkeys. The two geographic clusters, India-Pakistan and China-Burma, represent more strongly a division suggested by phenetic analysis of nuclear-encoded allozyme variation (Melnick et al. 1986 ). This division may reflect a substantial barrier to movement, presented by a glacial ice sheet in the Brahmaputra River valley during the Pleistocene, an explanation also proposed for the east-west morphological (Fooden 1988 ) differences among Assamese macaques (Macaca assamensis). Since the retreat of the glacier, migration of rhesus males across this valley has apparently reestablished a single rhesus nuclear gene pool with broad similarities between east and west, while the highly divergent mtDNA gene pools have continued their independent evolutionary trajectories.
Effect of Intraspecific Diversity on Estimates of Interspecific Divergence and Phylogenies
According to Avise et al. ( 1987) , the "predicament" of intraspecific mtDNA diversity can be accommodated in evolutionary analysis by either ( 1) factoring out intraspecific diversity from an estimate of interspecific difference (Nei 1987, pp. 276-279) or (2) these methods to the fascicularis-species group to which the rhesus belongs allows an empirical assessment of the effect that intraspecific diversity has on interspecific comparisons. Published restriction-site data (Hayasaka et al. 1988 ) on rhesus, Japanese (M. fuscata), Taiwan (M. cyclopis), and long-tailed macaques (M. fascicularis), as well as our own site data on the pigtailed macaque, were aligned with the rhesus data in this study ( fig. 2) . Ninety-three restriction sites were recognized, with 38-47 sites in any one of the 17 identified haplotypes. Four populations of Japanese macaque are represented in the data, and, while intrapopulation diversity was O.O%, inter-population diversity was O.O%-2.4%, with a mean of 1.7%.
When rhesus and Japanese macaques-the only two species for which appropriate estimates of intraspecific diversity can be made -are compared, average interspecific sequence divergence is 3.75%. Factoring out respective intraspecific diversities of 2.62% (based on all rhesus haplotypes, including MUL 20) and 1.74%, by the maximum- Distance-based tree of genetic relationships created for the rhesus macaque and the other fascicularis species group members by using the.sequence divergence estimates in table 1, the neighborjoining method, and a Sumatran pigtailed macaque as an outgroup (see text). All 10 unique rhesus haplotypes are included in this analysis. Genetic distances (i.e., substitutions/ 1,000 bp since two sequences' common ancestor) are indicated along each branch. Bottom, Character-based tree created for the same taxa by using the presence or absence of 93 restriction sites and the weighted, 50?$-majority-consensus, bootstrapped branch-and-bound method of parsimony analysis. For this and other character-based analyses (i.e., strictconsensus branch-and-bound and exhaustive search), the number of haplotypes was reduced to 11 by eliminating rhesus and Japanese macaque haplotypes that were virtually identical to the others left in the analysis. Data reduction was necessary because computational time became infeasible for larger data sets. The percent of the 1,000 bootstrap replicates that supported a particular clade within the tree is indicated on the relevant branch.
Rhesus Monkeys as a Paraphyletic Group 29 1 Avise et al. 1987) . It is our view, then, that the paraphyletic relationship of eastern and western rhesus mtDNA does not diminish the validity of a single species designation for rhesus macaques.
Macaque Biogeography and Cladogenesis
It has been suggested (Avise 1986; Avise et al. 1987 ) that mtDNA analysis provides unique information for reconstructing biogeographic events and evolutionary relationships, many of which have remained obscure despite the analysis of other types of data. Nowhere is this more likely to be true than among anthropoid primate species, who in general exhibit extreme male-biased dispersal patterns ( Clutton-Brock 1989).
Three observations can be made from the data presented here. First, the particular phylogenetic relationships uncovered by examining mtDNA restriction-site polymorphisms in the fascicularis group of macaque species are most easily explained by the effects that glaciers and associated sea-level declines have on individual dispersal and population isolation. Specifically, an impediment to movement, presented by a glacier in the Brahmaputra River valley, may well have led to the apparent mtDNA genetic discontinuity between the eastern and western parts of the rhesus-monkey range. Similarly, eustatic sea-level changes may account for differences observed among rhesus and the island macaque species of Japan and Taiwan, once intraspecific variation is factored out.
Second, beyond providing evidence for the importance of geographic barriers to animal movement and molecular and organismal evolution, mtDNA data have in this case helped us to determine the order in which species arose. The phylogenetic trees that we have constructed ( fig. 4) clearly indicate that the origin of the rhesus monkey predates that of the Japanese and Taiwan macaques. This is corroborated by the fact that the maximum likelihood-corrected sequence divergence estimate between the eastern and western rhesus populations is 2.84%, suggesting that these two populations diverged from one another before the origin of the Japanese macaque (see above). On the Japanese archipelago and Taiwan, island colonization and subsequent isolation led to the emergence of new species after a major subdivision of the rhesus species developed. The genetic impact, or founder effect (Mayr 1963, pp. 2 1 l-2 12)) of colonization can be seen in the high levels of monomorphism in these species, at selectively neutral allozyme loci (Melnick 1 988) that are highly polymorphic in mainland macaques (Fooden and Lanyon 1989) . Moreover, had we not sampled the western part of the rhesus range, which contains the more "primitive" haplotype, the rhesus species would have been assigned to a more recently derived position within the species group ( fig. 5 ) .
Third, the combined effects of macaque social organization (Sade 1972 ) and mtDNA transmission genetics (Hutchison et al. 1974 ) may also facilitate the retention of "ancient"
variation. This will occur when haplotypes that predate the existence of a particular species survive the events leading to its origin. Thus, at the time that a population becomes reproductively isolated, it may contain a substantial amount of mtDNA variation and/or be very different from most individuals in the "parent" species. If ancient variation is captured and if matrilines are differentially sorted out (Neigel and Avise 1986) ) it is quite possible that ( 1) mtDNA differences may be only weakly correlated with divergence time and (2) mtDNA gene trees may not always accurately portray the "true" phylogenetic relationships among the species examined (Tajima 1983; Pamilo and Nei 1988 ; also see Powell 199 1). using, alternatively, the western (mu1 west) or the eastern (mu1 east) M. mulatta haplotypes to represent the rhesus species and M. fascicularis ( fas) as the outgroup. M. mulatta changes from the oldest species of the three considered (A; see fig. 4 , top) to the youngest (B), depending on which haplotype is included.
Conclusion
Macaque mtDNA has retained historical information about cladogenic events and phyletic relationships (Avise 1986 ) that has been obscured in the nuclear genome by extensive gene flow through male migration and recombination.
However, failure to take account of substantial intraspecific diversity in mtDNA has led to an oversimplified phylogenetic reconstruction and to overestimates of divergence time between species. Among macaques and other social mammals, large, intraspecific mtDNA differences and paraphyly are likely to be quite common (Tajima 1983; Avise 1986 ). We believe these differences have not been identified in most comparisons because either they were obliterated by recent historical events or intraspecific sampling was insufficient to detect natural variation. We anticipate that these complexities will appear on closer examination of other members of this genus and many other higher primate groups, including the Homo-African great ape clade (Ferris et al. 198 1 a). In the latter case, a comprehensive estimate of extant mtDNA diversity in chimpanzees and gorillas may not reflect the levels of diversity that existed when hominoid taxa and the members of any one species were more abundant and widespread ( Andrews 198 1; Fleagle and Kay 1985 ) . If specific hominoid mtDNA haplotypes predated important cladogenic events, then subsequent lineage sorting (Neigel and Avise 1986) , enhanced during recent periods of reduction in ape population size, could distort a phylogenetic reconstruction based on mtDNA sequences. While the radiation of the fascicularis group is recent enough to uncover the diversity necessary for an accurate, detailed reconstruction of its evolutionary history, older radiations, such as that of the hominoids, may simply be beyond that point. Because we have no way of recovering information on extinct mtDNA lineages, we simply cannot place great confidence in the phylogenetic reconstruction of a clade that is older than a few million years and that may have radiated over a very brief period. We therefore urge caution when one is estimating higher-primate phylogenies and divergence dates on the basis of (a) mtDNA sequences of one or a few representatives of an entire taxon or (b) a few remnants of a once much larger radiation.
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